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Abstract. The X{ray light curve and broad band spec-
tral properties of the recently discovered millisecond pul-
sar { X{ray burster SAX J1808.4-3658 are reported. The
3{150 keV luminosity of the source changed by a factor
of  300 during RXTE observations in April{May 1998 {
from  8 1036 erg/sec to  3  1034 erg/sec (for 4 kpc
distance). The spectrum, however, was remarkably stable
and was described by a Crab{like power law with photon
index of  2 without any strong high energy cut-o in the
3{100 keV range. The decaying part of the X{ray light
curve was cut o sharply at luminosity  1036 erg/sec {
the luminosity has dropped by a factor of  20 within less
than 3 days { similar to outburst light curves of the dwarf
Novae and X{ray transients. The total energy of the 1998
outburst was  7:81042 erg (3{150 keV), corresponding
to accreted mass of  10−11M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1. Introduction
The transient X-ray source SAX J1808.4{3658 was discov-
ered in September 1996 with Wide Field Camera (WFC)
aboard BeppoSAX (in’t Zand et al. 1998). The source was
not detected during the observations of the same region
in August and October 1996 with the upper limits of
 1=50 of it’s peak flux in September 1996. The source
was not detected in the course of MIR{KVANT/TTM
observations of this region of sky 7 years before { in
March and August{September 1989 with upper limits on
the 2{10 keV flux at the level of  1=10 of the Septem-
ber 1996 flux (Alexandrovich et al. 1998). According to
ASM/RXTE data the September 1996 outburst lasted for
Send oprint requests to: M. Gilfanov
about 20 days. Two Type I X{ray bursts were detected
by WFC in September 1996. Analysis of the X{ray bursts
yielded a source distance of 4 kpc for which the 0.4{10
keV source luminosity was  6 1036 erg/sec.
Recently the Proportional Counter Array (PCA)
aboard Rossi X{Ray Timing Explorer has detected
a source which position was determined with suf-
cient accuracy to conclude that it is the same
source as SAX J1808.4{3658 (Marshall et al. 1998).
Coherent pulsations with a period of 2.49 msec
(Wijnands & van der Klis 1998) and Doppler shift of the
pulsation frequency due to orbital motion with pe-
riod of 2h (Chakrabarty & Morgan 1998) were discov-
ered. The analysis of the RXTE/HEXTE data of 11 and
13 April observations revealed an unusually hard power
law spectrum of the source with a photon index of  2
(Heindl et al. 1998).
The optical counterpart of SAX J1808.4{3658 has been
found { a variable star which brightened by more than
3:4m and reached 16:6m in the V{band during April, 1998
outburst (Roche et al. 1998). Giles et al. 1998 detected a
roughly-sinusoidal modulation of 0:12m peak{to{peak in
the V{band with 2h binary system period.
2. Observations and data reduction.
For the analysis presented below we have used the target{
of{opportunity public domain data from both PCA and
HEXTE instruments aboard Rossi X-ray Timing Explorer
(Bradt et al. 1993). The data were retrieved from the
XTE GOF at GSFC and were analyzed using the stan-
dard FTOOLS (version 4.0) tasks. The data reduction
procedures and the calibration datasets used for the anal-
ysis were identical to those described in more details
in Revnivtsev et al. 1998. The observations used for the
analysis are listed in the Table 1. The HEXTE data are in
the \realtime" format at HEASARC thus precluding an
accurate deadtime calculation. The HEXTE spectra were
renormalized to match the PCA data. For several obser-
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Table 1. SAX J1808.4{3658. Parameters of spectral approximation of PCA and HEXTE data by a power law model
Obs.ID1 Date Time Exposure,sec PCA HEXTE PCA+HEXTE





01-00 11/04 19:15 2032 1024 1:98  0:01 238 1 2:03  0:04 265 8 1:98  0:01 446 2
02-00 13/04 01:38 864 447 1:95  0:01 225 1 2:01  0:06 268 12 1:95  0:01 436 2
03-00 16/04 17:15 1264 3044 1:94  0:01 139 1 1:97  0:03 165 1 1:97  0:01 269 2
04-00 17/04 01:34 4496 2256 1:93  0:01 139 1 2:02  0:04 166 4 1:94  0:01 275 2
05-00 18/04 03:09 10736 5523 1:93  0:01 123 1 1:98  0:03 148 3 1:94  0:01 240 2
06-01 18/04 12:28 1440 793 1:94  0:01 116 1 2:10  0:08 138 6 1:95  0:01 233 1
07-00 20/04 20:53 3984 2000 1:96  0:01 94 1 2:04  0:06 109 6 1:96  0:01 185 5
08-00 23/04 15:48 13514 6913 1:96  0:01 82 1 1:96  0:04 95 4 1:96  0:01 156 5
09-01 24/04 15:52 1317 672 2:01  0:01 78 1 1:94  0:13 82 9 2:01  0:01 142 5
09-022 24/04 17:29 66645 5768 1:99  0:06 78 3 2:02  0:05 84 2 1:99  0:06 143 6
09-032 25/04 14:18 2290 1130 2:05  0:06 73 3 1:91  0:10 72 6 2:05  0:06 127 2
09-042 25/04 15:50 13532 6864 2:00  0:06 74 3 2:01  0:05 80 3 2:00  0:06 125 2
09-002 26/04 15:56 13344 6820 1:97  0:04 52 3 2:01  0:05 56 4 1:97  0:04 97 2
10-022 27/04 14:20 1721 864 2:00  0:06 24 3 1:99  0:35 25 8 2:00  0:06 45 2
10-012 27/04 15:58 7448 3792 2:02  0:06 26 3 2:18  0:22 27 5 2:02  0:06 47 4
10-00 29/04 14:09 7792 4677 1:99  0:01 21:2  0:1 1:97  0:22 23 4 1:99  0:01 38 1
11-02 02/05 01:15 2905 1488 1:99  0:07 1:83 0:06 { < 46 1:99  0:06 3:3 0:3
10-03 02/05 03:43 643 310 2:56  0:23 1:06 0:12 { < 66 2:49  0:23 1:4 0:3
11-00 03/05 19:00 3698 1920 2:21  0:03 3:73 0:06 { < 56 2:23  0:04 5:5 0:2
11-01 06/05 10:53 2336 1447 2:11  0:14 1:53 0:13 { < 66 2:11  0:14 2:5 0:5
1 { 30411-01-...; 2 { the background was estimated using blocking of the source by Earth; 3{ the energy flux in 10−11 erg/sec/cm2 ;
4{ the HEXTE normalization was adjusted to match the PCA data; 5{ only time intervals with 5 PCUs on were used; 6{ 50%
deadtime fraction was assumed, the upper limits correspond to 2% of the background countrate.
vations suering from incomplete housekeeping data the
PCA background was roughly estimated using the parts
of the orbit during which the source was blocked by Earth.
The 1 day averaged ASM light curve was retrieved from
http://space.mit.edu/XTE/ASM lc.html
3. The results.
The light curve of SAX J1808.4{3658 and the spectra at
three dierent luminosity levels {  8 1036,  8 1035
and  6  1034 erg/sec (unless mentioned otherwise, 4
kpc distance is assumed through the paper) are shown in
Fig.1. The best t parameters of a power law approxi-
mation of the data of individual observations are listed in
Table 1. Small variations of the photon index derived from
the PCA data are likely due to imperfectness of the back-
ground subtraction. Analysis of the power density spectra
obtained using 1 sec data segments detected pulsations
down to luminosity  7  1035 erg/sec with relative am-
plitude of  4 − 6%, possibly increasing slightly as the
luminosity decreased. However, no accurate timing analy-
sis was made.
The spectral evolution of the source was followed by
RXTE from the maximum of the light curve down to fac-
tor of  300 in luminosity. The following features are
worth to be mentioned (Fig.1):
1. The spectrum is a power law I / −2 in broad energy
range from 3 keV up to  100 keV. Such spectrum, al-
though not entirely unusual, diers substantially from
typically observed spectra of the low mass X{ray bi-
naries.
2. The spectral shape was remarkably stable in a broad
luminosity range, spanning over more than two orders
of magnitude { from few  1034 to  8 1036 erg/sec
(Table 1). The fact of detection of X{ray pulsations of
roughly the same relative amplitude down to luminos-
ity  7 1035 erg/sec suggests strongly that the same
mechanism is responsible for the spectral formation.
To our knowledge, in this respect SAX J1808.4{3658
has no analogs among other accretion powered X{ray
sources studied so far.
3. The decaying part of the X{ray light curve has a sharp
cut o at the luminosity level of  1036 erg/sec { the
luminosity has dropped by a factor of  20 within less
than 3 days.
4. The total energy of the 1998 outburst was  7:81042
erg (3{150 keV), corresponding to accreted mass of
 110−11M. The peak value of the mass accretion
rate was _M  7 10−10M=yr.
5. The I / −2 power law spectrum does not continue
to IR band { LIRLX  10
−2.
4. Discussion.
All existing theories of the spectral formation of accret-
ing pulsars with strong magnetic eld predict change of
the physical conditions near the surface of the neutron
star at luminosity around few1036 erg/sec. Therefore
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Fig. 1. The light curve (left) and the spectra (right) of SAX J1808.4{3658. The PCA fluxes are those from Table 1, the
ASM countrate was converted to 3{25 keV energy flux assuming a Crab like spectrum. The solid lines on the left panel are
LX / exp(−t=10
d) and LX / exp(−t=1:3
d). The spectra shown in the right panel were averaged over April 11 and 12 (top), 27
and 29 (middle) and May 2 (bottom) data. The best t power law spectrum is shown in each case by a solid line. The insert
graph shows the optical data from Roche et al. 1998 (no any correction was applied) and extrapolation of the best t power
law for the April 18 X{ray spectrum.
we expected to observe spectral changes in the course of
decrease of X-ray luminosity by  300 times. Remarkably
we did not detect any signicant evolution of the spectral
shape.
Two X{
ray outbursts from SAX J1808.4{3658 have been detected
so far { in September 1996 (in’t Zand et al. 1998) and in
April 1998 (Marshall et al. 1998). The latter was studied
by RXTE in great detail. The overall pattern of the 1998
event resembles the outbursts from the neutron star soft
X{ray transients and, in particular 1997 outburst from
Aql X{1 (see Campana et al. 1998 and references therein)
although it is not clear if there is exact analogy since the
latter have not been studied to enough details. The fact of
detection of two Type I X{ray bursts in 1996 strongly sug-
gests that the source is powered by accretion. However the
remarkably stable nearly Crab-like power law spectrum of
SAX J1808.4{3658 observed by RXTE in 1998 is tempt-
ing to investigate a possibility, that the 1998 outbursts
was caused by ignition of the standard pulsar emission
mechanism. This could possibly happen if the accretion
has been suspended for long enough time and the density
in the neutron star environment has dropped suciently.
For a rotation powered pulsar with a period of 2.5
msec the magnetic eld strength can be estimated as
(see e.g Bhattacharya & Srinivasan 1995 for review): B 











Dkpc is the source distance in kpc, R6 { the neutron star
radius in 106 cm, FX { the X{ray flux in erg/sec/cm
2 and
 { the eciency of production of the X{ray photons. On
the other hand the upper limit on the spin{down rate _ <
7 10−13 Hz/sec (Chakrabarty & Morgan 1998) restricts





3:4109 Gauss which would be consistent with the above
estimate of B derived from X{ray luminosity, if D < 1:6
kpc. However, the 1996 outburst was powered by accre-
tion. In order the accretion flow to proceed uninhibited
by a centrifugal force imposed by the rotating magneto-
sphere of the neutron star, the mass accretion rate during
the 1996 outburst should have been: _M > 2:5 _MEddD
2
kpc
(for P=2.5 msec, B  2:2  109 Dkpc Gauss). There-
fore, independently on the source distance, the 2{10 keV
steady state flux observed by SAX in 1996 ( 2  10−9
erg/sec/cm2, in’t Zand et al. 1998) was only  5  10−4
of the total source luminosity. Such a low eciency of
production of X{ray photons is unlikely for an accreting
neutron star. Moreover, such a high accretion rate would
lead to a steady nuclear burning of the accreting mat-
ter, which contradicts to the fact of the detection of the
Type I X{ray bursts. Thus, the possibility that the 1998
outburst was caused by ignition of the standard pulsar
emission mechanism can be ruled out.
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For an accreting neutron star with the 2.5 msec pe-






and the upper limit on the magnetic eld strength (re-
sulting from the requirement that the corotation ra-











6 Gauss, where M is
mass of the neutron star and FX - the minimal steady
X{ray flux detected from the source. Therefore the cy-
clotron frequency is in the optical band { hB  1:2
B
108
eV and even the high harmonics from weakly relativistic
plasma do not aect noticeably the emission in the X{ray
spectral band (e.g. Gnedin & Sunyaev 1973). In order to
produce the observed power law spectrum via synchrotron
emission the electrons have to be accelerated in a shock
to form a relativistic power law spectrum extending to
γ = E=mec
2  30− 300.
To explain the observed spectrum in the framework of
thermal Comptonization would require electron tempera-
ture Te > 30−40 keV and optical depth   1:0. Although
such parameters and especially self regulation keeping the
spectral shape constant in the broad luminosity range are
not unknown for the black hole X{ray binaries, there is
well known feedback problem making dicult to main-
tain such high electron temperature near the surface of
the neutron star (Titarchuk & Sunyaev 1989).
A possible environment naturally resulting in for-
mation of a power law spectrum with slope 
2 might be Comptonization on the bulk motion in
a radiation dominated shock (Blandford & Payne 1981,
Lyubarskii & Sunyaev 1982). If, as is indicated by the X{
ray pulsations, there is non negligible disk{magnetosphere
interaction the accreting matter is funneled onto the po-
lar caps with free fall velocity. If the luminosity is close
to the critical value Lc local Eddington limit, the ra-
diation dominated shock is formed near the surface of
the neutron star at the polar regions (Davidson 1973,
Basko & Sunyaev 1976), in which > 2=3 of the accretion
energy is released. A naive estimate { assuming that the
magnetosphere is close to corotation, the magnetic eld in-
side magnetosphere is not distorted and the in-falling mat-
ter lls the magnetic funnel { gives Lc  few1036−1037
erg/sec, which exceeds by more than an order of magni-
tude the minimum luminosity observed for SAX J1808.4{
3658. However, accurate calculation of lc = L=Lc requires
detailed knowledge of the disk{magnetosphere interaction
and the accretion flow pattern inside the magnetosphere.
It is important to note that in order for this mechanism to
be responsible for the spectral formation in SAX J1808.4{
3658 self adjustment of the accretion funnel to maintain
L=Lc  1 in broad range of the accretion rates is required.
Comptonization on the bulk motion in the radiation
dominated shock near the stellar surface in the equato-
rial area might also occur in the case of the \classical"
X{ray bursters if the neutron star is smaller than the
last marginally stable orbit (Kluzniak & Wagoner 1985,
Sunyaev & Shakura 1986). The power law spectra with
slope  2 − 2:5 up to  100 keV are indeed observed for
some of the \classical" X{ray bursters (e.g. 4U0614+091)
at low luminosity, LX  1036 erg/sec.
The shape of the X{ray lightcurve is similar to the
outbursts proles of two very dierent types of accret-
ing sources { the neutron star soft X{ray transients
(see Campana et al. 1998 for a review) and Type B out-
bursts in dwarf Novae (Warner 1995). The sharp cut-
o of the light curve seems to be common also for the
black hole X{ray transients (Tanaka & Shibazaki 1996).
In the case of the neutron star transients the cut o
of the light curve is conventionally explained as a clo-
sure of the centrifugal barrier at low accretion rate when
the magnetosphere reaches the corotation radius and a
source enters the \propeller" regime. The cut-o lumi-











6 Gauss. The disk instabil-
ity theory however also predicts sharp cut-os of the light
curve. The decay time scale is dened by the propaga-
tion of the cooling wave and a rough estimate gives for






days,  { viscosity parameter (Warner 1995) .
This roughly accounts for the observed light curve decay
time scale (Fig.1).
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